The design and analysis of studies that investigate the effect of exposure to ozone on health outcomes need to define carefully the methods for the assessment of the exposure and to determine precisely which is the outcome of biological relevance. The estimation of sample size for longitudinal studies requires the expected rates of change among the exposed and unexposed, the variance of the outcome, and the correlation of measurements taken within an individual. Methods of analysis whose primary interest is in the combination of cross-sectional studies for the determination of the marginal distribution of the outcome are particularly appropriate for biological processes where the effect of exposure is acute. Conditional models are particularly useful for investigating the effect of changes in exposure on changes in outcome at the individual level. In addition, conditional models incorporate a dampening effect of exposure that may provide a reasonable agreement with several biological mechanisms. The identification of susceptible individuals and the description of the behavior of their outcomes over time may be better accomplished by using the within-individual variance as the outcome of interest. Discrepancies of the within-and between-individual regressions may be suggestive of chronic effects, and methodological research in this area is needed. Studies of the health effects of ozone exposure need to address the incorporation of missing data, measurement error, and the combination of complementary studies. -Environ Health Perspect 101 (Suppl 4): 231-235 (1993).
Background
A central objective of studies on the health effects of ozone is to determine whether individuals who have been exposed to ozone have adverse health outcomes. The designer of a study needs to consider carefully the specific methods for measuring the exposure to ozone as well as to define precisely the outcome which will be used to identify adverse health effects. It is crucial to measure exposure accurately and to construct summaries that indude duration and dose. In addition, it is important to study populations that are exposed to a range of expo [1] where ei, are normally distributed with mean zero, variance (a , and the withincorrelation of p. Thus, the variance of the mean of any indefinitely large number of observations for each individual (i.e., the between-individuals variance) will be paS2, while the variance of each observation about the population regression line for an individual (i.e., the within-individual variance) will be (1 -p)a2 and all individuals in a group will have the same slope. The main hypothesis of interest is whether A0 = A1 (e.g., decline of FEVi is the same on individuals unexposed and exposed to 03). Standard procedures of generalized least squares methods show that the individual coefficients A1 and A0 have standard errors
The asymptotic power to detect a difference A1 -A0 at 5% level having available no unexposed and n1 exposed individuals is given by [3] so the power is directly related to the mag- [6] Both methods attempt to identify the variables that explain the variability of the changes over time. Of primary importance is the test of the effect of the exposure to ozone after adjusting for confounders and other known explanatory variables.
An alternative outcome of interest may be the within variance of the outcome on individual i. It may be that the chronic effect of ozone is to make the outcome very susceptible (or volatile) to a given exposure. This approach is close to the challenging experiments (e.g., histamine) done in the area of respiratory disease epidemiology. In this case, the response to a challenge is used as an outcome as opposed to the usual setting of investigating its effect on pulmonary function. It could very well be that individuals with a long-term exposure to ozone are more reactive to a challenging exercise.
Design and Analytical Approaches
A central purpose of a study design to investigate the chronic effects of exposure to ozone is to obtain populations that are comparable to each other except for the exposure to ozone. One approach is to design a study where (8) .
Analytical methods for longitudinal data have been the subject of active statistical research in the last decade. The emphasis has been on how to incorporate the correlation structure of the repeated observations on a given individual. Robust methods, random effects, and autoregressive models correspond to different ways of handling the within-individual correlation of the outcomes taken at different visits. An important result is that when modeling the cross-sectional (e.g., marginal) distribution of the outcome, the estimation of the regression coefficient should not be affected by the method of handling the correlation of the within-individual outcome measures. Discrepancies between estimates of the regression coefficients when using different methods for the incorporation of the correlation of the outcome over time could be used as a diagnostic regression measure of inconsistencies of the between-and within-individual regressions. If the effect of exposure using individual regressions (i.e., changes in exposure to changes in outcome) are of lesser magnitude than the effect of exposure using the between-individual regressions, a chronic (i.e., long-term) effect may be suggested. Therefore, a diagnostic regression procedure may be useful for the identification of chronic versus acute effects. Refinement and specificity of the diagnostic tool is needed. (10) for the handling of missing data. Use and applicability of these methods is an area of important research in the context of the health effects of ozone exposure. The methods of multiple imputation typically assume the missing data to be caused by a random mechanism. In studies of health effects of ozone, the dropouts may be related to disease progression and alternative methods for the incorporation of informative censoring will need to be developed.
Issues Common to
Given the measurement errors to which both the exposure and the outcome are subject, it is essential that replicate measurements be taken if feasible. Regression methods incorporating the measurement error have been developed and should be used. These methods require data on duplicates to estimate the error variance. Failure to correct for the measurement error may increase the probability of not rejecting the null hypothesis when the alternative is true.
Both acute and chronic studies need to incorporate data on treatment of chronic respiratory illnesses (e.g., asthma) and interventions. Studies are needed on the effect of treatment under different exposures to ozone. As with exposure, the treatment may also be time dependent and, thus, the analytical issues are similar.
During the last decade, methods have been proposed to combine studies to provide an overview (i.e., metanalysis) or to combine studies with strengths in complementary aspects. In particular, the prevalent and incident subcohorts of a longitudinal study in infectious disease epidemiology describe the mature and early stages of the natural history. Several approaches (11, 12) have been proposed to combine these components into a unified data set for the determination of the incubation period of AIDS. Although of a different nature, acute and chronic effects are complementary. The outcome of acute studies can be viewed as the exposure of chronic studies. Acute studies may establish that exposures to ozone are associated with acute/transient changes of outcome. Chronic studies may establish that individuals whose outcome has a high within variance are those who will prematurely age with respect to the outcome of interest. Methods to combine studies of this nature should be the subject of future research. The issues presented here have a role similar to that of surrogate markers for the evaluation of effective therapies in infectious disease epidemiology. Bridging the methodological issues will be an important contribution to scientific research.
In the context of the studies of the health effects of ozone, there are opportunities to combine laboratory experiments with longitudinal studies. Chamber studies provide a measure of the changes in outcomes due to a controlled exposure. Using multivariate methods (e.g., principal components), one can determine the individuals with the highest variability and enroll them in a follow-up study to assess the effects of environmental exposure. The analysis of these data will be more informative if the studies are formally combined into a comprehensive analysis. 
